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Edited by Berend WieringaAbstract Frataxin is present in mitochondria of all eukaryotes
as well as in the cytoplasm of bacteria. In humans, reduced
expression of frataxin is associated with Friedreich’s ataxia, a
recessive inherited neurodegenerative and cardiac disorder lead-
ing to reduced life expectancy. Experimental evidences suggest
that frataxin acts as an iron-chaperone protein, donating iron
to the proteins involved in [Fe–S] cluster assembly and heme syn-
thesis. It also possibly contributes to the process of iron detoxi-
ﬁcation and storage.
The frataxin homolog from Arabidopsis thaliana (AtFH) is a
single nuclear-encoded gene targeted to mitochondria and shar-
ing 65% similarity with animal frataxin. In the present work,
we show that the knocking out of AtFH gene causes arrest of
Arabidopsis embryo development at the globular stage. Consis-
tently with that, we also show by in situ hybridization that AtFH
is expressed, in wt Arabidopsis plants, in ovule primordia as well
as in embryos at various stages of development, suggesting a key
role of plant frataxin during embryogenesis.
 2007 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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Friedreich ataxia (FRDA) is an autosomal recessive neuro-
logical disease aﬀecting up to 1:30000–50000 individuals in
the Caucasian population. This form of ataxia, a neurological
dysfunction which severely impairs motor coordination, also
causes cardiomyopathy and diabetes, with consequent reduc-
tion of life expectancy. FRDA is caused by a deﬁciency in fra-
taxin, a mitochondrial targeted protein: in typical patients
aﬀected by FRDA, frataxin gene has undergone an enhanced
triplet expansion (GAA) within ﬁrst intron [4–9].
Frataxin deﬁciency dramatically aﬀects mitochondrial
metabolism in all diﬀerent model systems studied so far. Fra-
taxin knockout mice die in uterus shortly after implantation
[10] and disruption of its hepatocyte-speciﬁc expression causes
decrease in life span and tumour growth in mice [11]. Also,
Saccharomyces cells deﬁcient in frataxin (yfh1D) show a com-
plex respiratory-deﬁcient phenotype, that results from a mas-Abbreviations: Col, Columbia; DAP, days after pollination; LB, T-
DNA left border; RB, T-DNA right border; RT-PCR, reverse trans-
criptase polymerase chain reaction
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of mitochondrial Fe/S enzymes, hypersensivity to oxidative
stress, instability of mtDNA and defects in heme synthesis
[12–15]. Reduction of frataxin expression in Caenorhabiditis
elegans causes a pleiotropic phenotype that includes lethargic
behaviour, egg laying defects, increased sensitivity to oxidative
stress and reduced life span [16].
Diﬀerent roles proposed for frataxin include involvement in
the process of iron homeostasis and storage [17–19], stimula-
tion of oxidative phosphorylation [20], as well as iron-chaper-
one activity for heme synthesis [21,22] or iron–sulfur cluster
assembly and repair [23–25]. It has also been recently proposed
that frataxin could have a more general role as a regulator of
Fe metabolism and traﬃcking in mitochondria [9,26].
Recently, a frataxin homolog has been identiﬁed in Arabid-
opsis [27]: this plant frataxin, named ATFH, also has a transit
peptide for the localization in mitochondria and it shares 65%
identity with human sequence. Complementation of Saccha-
romices cerevisiae mutant strain yfh1D, which is deﬁcient in
frataxin, with AtFH, proved that this isoform is a functional
protein, able to restore normal rate of yeast respiration and
growth [27]. Also, a T-DNA insertional Arabidopsis mutant
showing a greater than 50% reduction of ATFH protein con-
tent, named atfh-1, has impaired activity of two mitochondrial
enzymes, the aconitase and succinate dehydrogenase (SDH)
[28]. This latter result reinforces the hypothesis that also plant
frataxin could act as iron chaperone that protects Fe–S clusters
from disassembly [25].
In the present work, we show that Arabidopsis AtFH fra-
taxin is expressed mainly in ﬂowers and developing embryos
and has an essential role in vivo, since the knocking out of
AtFH gene causes arrest of Arabidopsis embryo development
at the globular stage.2. Materials and methods
2.1. Growth of Arabidopsis plants and treatments of Arabidopsis
suspension cultured cells
Arabidopsis plants were grown as indicated in [1]. Unless otherwise
speciﬁed, progeny plants have been obtained after self-cross of paren-
tal ones. Arabidopsis cells in liquid cultures have been established from
sterilized Arabidopsis seeds (var. Columbia) put onto Petri dishes con-
taining Growth Medium (0.22% Murashige Skoog medium, Duchefa,
Netherlands); 1% sucrose; 10 lM of 2.4 D; 3 lM kinetin; 1% Plant
agar, Duchefa, Netherlands; 0.5% MS vitamin solution 1000· (Sigma,
cod.M3900) and kept in the dark until appearance of ﬁrst calli (around
4 weeks). Calli were then transferred onto liquid medium and routine
conditions for Arabidopsis liquid growth were applied [2] (liquid med-
ium: 3% sucrose; 0.43% MS salt mixture (Sigma cod M5524); 3 mM
MES, pH 5.8; 0.2 mg/l of 2.4 D; 0.05 mg/l kinetin; 1·MS vitamin solu-
tion 1000· (Sigma, cod.M3900); 10 mg/l vitamin B1; 0.5 mg/l vitaminblished by Elsevier B.V. All rights reserved.
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inoculum in 90 ml growth medium, were used for the experiments. Cell
suspensions were ﬁltrated through a 25 lm nylon cloth with suction;
cells were then rapidly weighed and aliquoted at 100 mg per well
(Transwell, 24 mm diameter, 8 lm ﬁlter pore size, Corning Costar
Corp. NY, USA) containing 3 ml wash buﬀer. Experiments were car-
ried out at room temp., under gentle shaking (80 rpm). Cells were
washed three times (10, 15, 15 min) in wash buﬀer (3 ml/well). After
the last wash, the buﬀer was replaced with experiment buﬀer (3 ml/
well) and the cells were allowed to recover 30 min before addition of
100 or 500 lM Fe-citrate ﬁnal concentration. Cells were collected after
3 h and frozen in liquid nitrogen for RNA extraction.
50 mg/l kinetin stock solution was prepared by dissolving kinetin in
10 ml of 0.1 N KOH and then by bringing to volume with distilled
water; 40 mg/l of 2.4 D stock solution was prepared by dissolving
2.4 D in 250 ll 100% EtOH and then dissolving it, drop by drop, into
distilled water at 40 C, while stirring. Unless otherwise speciﬁed, all
reagents were purchased from Sigma. Wash buﬀer, experimental buﬀer
and Fe-citrate stock solution were prepared as in [2].
2.2. Reverse transcriptase polymerase chain reaction (RT-PCR)
Total RNA was extracted from Arabidopsis leaves or cells according
to [2]. Ampliﬁcation of AtFH cDNA fragment (40 cycles at 55 C
annealing temp., 2 mM MgSO4) was performed with the following
primers:
Fxfor: 5 0-GAGAGTTGGATTGGTTCACC-3 0
Fxrev: 5 0-CTTCAAGGTTTCTTCTACGG-3 0
Ampliﬁcation of AtFer1 cDNA fragment was performed at 48 C
annealing temp., 6 ng total RNA, 2.5 mM MgSO4, with the following
primers:
F1dir1: 5 0-TTTCTTATCATCATCACC-3 0
F1rev1: 5 0-AAGTCTAGTTCAGAAGC-3
Ampliﬁcation of Tub4 has been performed according to [1].
2.3. PCR analysis of T-DNA mutants
Genomic DNA of Col as well as of Salk-594203 and Salk-622008
mutants has been extracted in the following way: 100 mg leaves were
homogenized in 500 ll CTAB buﬀer (3% CTAB w/v, 1.4 M NaCl,
20 mM EDTA, 100 mM Tris–HCl, 0.2% b-mercaptoethanol, pH
8.0), incubated 30 min at 60 C, mixed with 250 ll of chloroform, cen-
trifuged 5 min at 13000 rpm; supernatant was mixed with 0.6 volumes
isopropanol, incubated 15 min at R.T., centrifuged 3 min at 7000 rpm
and DNA pellet washed in 200 ll ethanol 75%, dried at 60 C and
resuspended in 30 ll TE. 1 ll from a 1:5 DNA dilution, previously
boiled 3 min long, was used as template in PCRs.
Presence of the T-DNA insertion in the progeny plants of Salk-
594203 and Salk-622008 mutants was established by performing PCRs
(2 mM MgCl2, annealing at 55 C, 40 ampliﬁcation cycles) with the
appropriate combinations of LBa1, Fxfor and Fxrev primers (Fig. 3).
LBa1: 5 0-TGGTTCACGTAGTGGGCCATCG-3 0
2.4. Microscopic inspection of siliques and developing embryos
Siliques from wt and heterozygous plants have been detached
and immerged in a clearing solution (160 g CCl3CH(OH)2, 50 ml glyc-
erol, 100 ml water) at least 1 week long. Cleared siliques have been
then observed with a MZ6 stereomicroscope (Leica) and pictures taken
with a DFC 280 camera system (Leica). Also, seeds have been gently
detached from siliques previously cleared at diﬀerent stages of develop-
ment, laid onto a slide with clearing solution and observed with an Im-
ager. D1 microscope (Zeiss) equipped with Nomarski optics
(diﬀerential interference contrast) and an AxioCam MRc5 camera sys-
tem (Zeiss).
2.5. In situ hybridization
Probe labelling: a 222-bp DNA AtFH template 5 0GCC-CTTCTA-
GATTTGACTGGGACCGTGATGCTAATGCGTGGATATATC-
GGCGAACTGAAGCAAAGTTGCATAAACTCCTGGAAGAGG-
AGTTAGAGAATCTATGTGGTGAACCAATCCAACTCTCATA-
AAGAAGGCTTTAAAACAATATTTGTGAGCGAAAGGGTTT-
CATCTATGAACTTGAAACTGCTATACCCTGTTAAAGGTAT-
ATCTATGAAACATCCA-3 0 has been ampliﬁed by PCR (annealing
at 52 C, 40 cycles, 2 mM MgCl2) from genomic DNA by using the
following primers:fxn-for: 5 0-GCCCTTCTAGATTTGACTG-30 annealing in the last
exon at bp 947 from the ATG codon of the AtFH genomic sequence
(At4g03240).
fxn-revT7: 5 0-TAATACGACTCACTATAGGGTGGATGTTTCA-
TAGATATACC-3 0 annealing, from base 21 to the end, at position
1147 in the AtFH genomic sequence (UTR). This primer also contains,
from base 1 to base 23, the 23-base long T7 promoter sequence.
A digoxigenin-labelled AtFH-speciﬁc antisense RNA probe has been
then produced by in vitro transcription with the DIG RNA Labelling
Kit (code:11175025910, Roche, Germany) and the T7 RNA polymer-
ase, by following manufacturer’s instructions.
Preparation of plant tissue: ﬂower buds and siliques at diﬀerent days
after pollination (DAP) have been inﬁltrated under vacuum in EAF
medium as indicated in [3]. Fixed material was dehydrated, stained
o/n with 0.5% EosinY (E4009, Sigma, USA) in 90% EtOH, treated
with Histoclear and ﬁnally embedded in paraﬃn. Microtome-cut
8 lm tissue sections were laid onto poly-L-lysine coated slides covered
with water and then dried at 37 C. After dewaxing in histoclear and
re-hydration, tissue sections were treated 20 min with 0.2 M HCl,
washed 5 min each in DEPC-water, in 2· SSC and again in DEPC-
water, and incubated at 37 C for 15 min with proteinase K (1 lg/
ml) dissolved in 0.1 M Tris, 50 mM EDTA. To block the reaction,
the sections were washed 2 min in 1· PBS, then incubated 2 min with
2 mg/ml glycine in 1· PBS, and washed again 2 min in 1· PBS twice.
Sections were ﬁxed in formaldehyde mix (3.7% formaldehyde in PBS
1·) for 10 min and washed 5 min in 1· PBS. The sections were ﬁnally
dehydrated through an ethanol series and air-dried for about 30 min.
Hybridization procedure: for each sample slide, 9 ll labelled probe
(denatured 1 min at 70 C) has been added to 300 ll hybridization buf-
fer [3] (corresponding to a probe concentration of 300–600 ng/ml hy-
brid. buﬀer), vortexed 1 min and put onto the slide. Slides, covered
with cover-slides and stacked upside down, were allowed to come in
contact with vapours from 100 ml formamide and 100 ml 2· SSC over-
night at 45 C. Cover slides were then removed and tissue washed as
indicated in [3]. The sections were additionally washed in 1· TBS for
5 min while continuous shaking, then in Boehringer block 0.5% in 1·
TBS for 1 h, washed in a 1· TBS containing buﬀer with 1% BSA,
0.3% Triton X-100 (v/v) for 30 min, and incubated 2 h in the same buf-
fer with antidigoxygenin antibody (diluted 1:2000) conjugated with
alkaline phosphatase (11093274910, Roche). The sections were then
washed three times in the same buﬀer for 20 min each and incubated
for 5 min in the detection buﬀer containing 100 mM Tris, 100 mM
NaCl and 50 mM MgCl2. The colorimetric detection of DIG-labelled
probes was performed incubating the slides in this same solution con-
taining 450 ll NBT (100 mg/ml) and 337.5 ll BCIP (50 mg/ml)
(11383213001 and 11383221001, Roche respectively) o.n. in the dark.
The reaction was blocked in sterile water. The hybridization signal
was localized with an Imager.D1 (Zeiss) microscope and an AxioCam
MRc5 (Zeiss) camera system.3. Results
3.1. AtFH transcript accumulates in ﬂowers and in developing
embryos
Preliminary RT-PCR analysis of AtFH transcript conﬁrmed
that it strongly accumulates in ﬂowers and, to a much lesser ex-
tent, in leaves (not shown) in accordance with [27]. AtFH tran-
script also accumulates in Arabidopsis cells grown in liquid
cultures (Fig. 1). Treatment with 100 or 500 lM Fe-citrate,
able to induce the accumulation of the Arabidopsis AtFer1 fer-
ritin isoform in liquid cell cultures (Fig. 1), as expected [2,29],
does not aﬀect frataxin transcript levels (Fig. 1).
We investigated AtFH gene expression pattern by in situ
hybridization in ﬂowers and developing embryos. As labelled
probe, we used an RNA sequence spanning the last exon of
AtFH and part of the UTR region (see Section 2). Such probe
is speciﬁc to frataxin and indeed the search in the Arabidopsis
genome for sequences producing high-score alignment with
such probe (BLASTN 2.2.14 program on AGI transcript data-
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Fig. 1. RT-PCR analysis of AtFH or AtFer1 transcript levels in
Arabidopsis wt (Col) cells in control conditions or after 3 h treatment
with either 100 lM or 500 lM Fe-citrate. For amplifying AtFH cDNA
fragment, either 100 or 500 ng RNA has been used in each reaction,
whereas 6 ng RNA has been used for amplifying AtFer1 cDNA
fragment. Tub4 is the positive control, for testing the equal addition of
RNA in each sample.
Fig. 2. AtFH gene expression analysis pattern in wt Arabidopsis ﬂowers and d
closed unfertilized ﬂower, showing AtFH expression in ovule primordia, as
the developing embryos showing diﬀused AtFH expression in all the diﬀeren
(4 DAP). (D) Torpedo stage embryo (8 DAP). (E) Bent cotyledon stage em
expression, and in particular in the root meristem. c: cotyledons; e: embryo;
correspond to 50 lm.
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beside the AtFH sequence itself, any other sequence with high
similarity (E values all above 0.12).
In situ hybridization of ﬂowers prior to fertilization reveals
that AtFH is expressed in ovule primordia as well as in stamen
(Fig. 2A). Also, AtFH transcript accumulates in embryos at
diﬀerent stages (expressed in DAP) (Fig. 2B–E) up to mature
seeds (Fig. 2F) where it accumulates in the epidermis as well
as in the root meristem of fully developed embryos (Fig. 2F).
These results are in full accordance with expression values of
Arabidopsis AtFH gene in diﬀerent plant tissues of Col ecotype
obtained through large scale gene expression mapping of A.
thaliana [30] which can be retrieved with AtGeneExpress Visu-
alization Tool (AVT), at http://jsp.weigelworld.org.
3.2. Analysis of Arabidopsis AtFH KO mutants
To investigate AtFH role during development, we analyzed
two independent Arabidopsis insertional mutant lines, S-
594203 and S-622008 (Salk collection, http://www.Arabidop-
sis.org), with T-DNA inserted in the coding region of AtFH
gene (Fig. 3). Progeny plants have been analyzed by PCR with
diﬀerent primer pairs; Fx-for and Fx-rev primers anneal,eveloping embryos by in situ hybridization. (A) In situ hybridization on
well as in stamen. (B–F) Time course analysis of AtFH expression in
t stages. (B) Globular stage embryo (4 DAP). (C) Heart stage embryo
bryo (12 DAP). (F) Mature seed (16 DAP) showing diﬀused AtFH
en: endosperm; i: inner integument; p, pistil; o, ovule; st, stamen; bars
S-594203 S-622008
LBa1 LBa1
Intron
Exon
UTR
Fx-for Fx-rev
LB LBRBRB
Fx-for/Fx-rev:
1061 bp
LBa1/Fx-rev:
711 bp
Fx-for/LBa1:
830 bp
Fig. 3. Screening of the AtFH KO mutants. Diagram illustrates AtFH
(At4g03240) coding region and T-DNA insertion points in the two S-
594203 and S-622008 Arabidopsis mutant lines. Positions of the Fx-for,
Fx-rev and LBa1 primers used for the screening are indicated; arrows
show primer orientation. Drawing is not to scale. In the lowest part,
pictures show ampliﬁcation products obtained by using the diﬀerent
primer pairs, as indicated, together with their molecular weight. Right
samples in the pictures are the 1 kb ladder.
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bination, allowed to identify the wt AtFH allele (Fig. 3). LBa1
primer, annealing at the T-DNA left border, in combination
with either Fx-for or Fx-rev primer, allowed to identify AtFH
allele bearing T-DNA insertion respectively in the S-594203
line or S-622008 line (Fig. 3).
Screening of hundreds of progeny plants of the two hetero-
zygous mutant lines failed to identify plants homozygous for
such T-DNA insertions. In particular, screening of the progeny
of Salk-594203 heterozygous mutant (indicated from now on
as AtFH/atfh) reveals that not only the genotypic class atfh/
atfh is missing, but also that the segregation ratio of the ex-
pected remaining genotypic classes AtFH/AtFH:AtFH/atfh is
1:2 (Table 1).
The heterozygous AtFH/atfh plants show no obvious pheno-
type, and indeed they are phenotypically indistinguishable
from wt plants by naked eye. However, microscopy inspection
of siliques produced from AtFH/atfh plants, at diﬀerent DAP,
reveals that indeed around 1/4 of the seeds in the siliques ofTable 1
Segregation analysis of wt plants (AtFH/AtFH) and of Salk-594203 mutants
Parental line Seeds size Seed germ. v2 value regular:small =
Regular Small
AtFH/AtFH 559 25 96%
AtFH/atfh 534 152 97% 2.96
Siliques produced by either AtFH/AtFH or AtFH/atfh parental lines (column
either regular or small (column 2). Germination frequency is referred to seed
seeds:small seeds = 3:1 in the siliques of AtFH/atfh plants has been accepted b
seeds with regular phenotype have been classiﬁed by PCR for the presence of
segregation AtFH/AtFH:AtFH/atfh 1:2 has been accepted by the v2 test withAtFH/atfh plants are dramatically reduced in size and will
not reach maturity, leaving a ‘‘hole’’ in the mature silique
(Fig. 4B and Table 1).
We also sampled seeds from immature siliques of AtFH/atfh
plants, with either wt or defective phenotype and analyzed
them by Nomarski optics; results show that embryos in seeds
of regular size also show normal development (Fig. 4C–I),
whereas embryos in defective seeds arrest at globular stage
(Fig. 4L–N) and cannot proceed further into development.
Taken together, these evidences suggest that such defective
embryos truly correspond to the missing genotypic class atfh/
atfh.4. Discussion
The crystal structure of the frataxin homolog CyaY from
E.coli has been resolved: it shows a previously unidentiﬁed fold
for the frataxin family consisting of a six-stranded antiparallel
b-sheet ﬂanked on one side by two a-helices [31]. The common
biological functions shared by the diﬀerent frataxin homologs
may be mediated by the protein–protein interactions through
the negative charge deﬁcient b-sheet side of the structure
[31]. Indeed experimental evidences accumulated so far indi-
cate that diﬀerent frataxin homologs can interact with other
proteins as iron-chaperone protein, or as more general regula-
tor of iron metabolism and traﬃcking in mitochondria [9, and
references therein].
Arabidopsis AtFH frataxin, the only plant frataxin homolog
analyzed so far, can attenuate Fenton reaction in vitro [32] and
can complement yeast mutant strain yfh1D, deﬁcient in fra-
taxin [27]. Our results show that plant frataxin has a key role
in planta: lack of frataxin indeed severely aﬀects development
of Arabidopsis embryos which arrest at globular stage. Inter-
estingly, mice embryos lacking frataxin die early in uterus
[10] suggesting that physiological role of plant frataxin may
be similar to the mammalian counterpart.
One of the proposed roles of frataxin in mitochondrial
metabolism is to act as iron-storage protein, which prompted
some authors to rename it as the ‘‘mitochondrial ferritin’’
[18,33]. Our results show that frataxin transcript levels, diﬀer-
ently from AtFer1 ferritin isoform, are not modiﬁed by iron
treatment. We performed the analysis of co-expression be-
tween AtFH and ferritins by using the ATTED database (Ara-
bidopsis thaliana trans-factor and cis-element prediction
database) at http://www.atted.bio.titech.ac.jp/, which provides
co-regulated gene relationships in Arabidopsis thaliana. Resultsheterozygous for the T-DNA insertion (AtFH/atfh)
3:1 Progeny genotype v2 value AtFH/AtFH:AtFH/atfh = 1:2
AtFH/AtFH 100%
AtFH/AtFH:57 2.98
AtFH/atfh:149
atfh/atfh:0
1) have been inspected and seeds classiﬁed according to their size, as
s with wt phenotype (column 3). The hypothesis of segregation regular
y the v2 test with 0.05 signiﬁcance level (column 4). Progeny plants from
the T-DNA insertion in the AtFH gene (column 5). The hypothesis of
0.05 signiﬁcance level (column 6).
Fig. 4. Microscopic inspection of the siliques, as well as of their seeds, produced in the wt or in the heterozygous AtFH/atfh mutant (S-594203).
Upper panel: siliques produced by wt (A) or AtFH/atfh plants (B). Lower panel: Nomarski images of seeds produced by AtFH/atfh plants; in
particular, embryos from seeds of wt phenotype, at diﬀerent developmental stages (C–I) or in small, abnormal seeds (L–N) were analyzed.
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expression of all the four ferritin gene isoforms AtFer1-4
[34]; among them, highest correlation has been found between
AtFH and AtFer2 (0.36 Pearsons’ correlation coeﬃcient)
which, notably, is expressed primarily in seeds [34].
Taken together, results indicate that Arabidopsis frataxin
could not act as a mitochondrial ferritin-like protein. A T-
DNA insertional Arabidopsis mutant showing a greater than
50% reduction of ATFH protein content, named atfh-1, has
impaired activity of two mitochondrial enzymes, the aconitase
and SDH, both possessing a Fe–S moiety [28]. The observed
decrease of aconitase and SDH activity cannot be however
attributed to a general decrease in mitochondrial activity since
malate deydrogenase activity (MDH), another mitochondrial
enzyme without a Fe–S cluster, is unaﬀected in the atfh-1 mu-
tant. These observations suggest that plant frataxin could act
as iron chaperone, by protecting Fe–S clusters from disassem-
bly [25]. The relationship between frataxin and mitochondrial
iron metabolism, and in particular the relationship between
frataxin and ferritin necessitate further elucidation and are cur-
rently under investigation.
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